Transcriptional profiling (TP) offers a powerful approach to identify genes activated during memory formation and, by inference, the molecular pathways involved. Trace eyeblink conditioning is well suited for the study of regional gene expression because it requires the hippocampus, whereas the highly parallel task, delay conditioning, does not. First, we determined when gene expression was most regulated during trace conditioning. Rats were exposed to 200 trials per day of paired and unpaired stimuli each day for 4 days. Changes in gene expression were most apparent 24 h after exposure to 200 trials. Therefore, we profiled gene expression in the hippocampus 24 h after 200 trials of trace eyeblink conditioning, on multiple arrays using additional animals. Of 1,186 genes on the filter array, seven genes met the statistical criteria and were also validated by real-time polymerase chain reaction. These genes were growth hormone (GH), c-kit receptor tyrosine kinase (c-kit), glutamate receptor, metabotropic 5 (mGluR5), nerve growth factor-␤ (NGF-␤), Jun oncogene (c-Jun), transmembrane receptor Unc5H1 (UNC5H1), and transmembrane receptor Unc5H2 (UNC5H2). All these genes, except for GH, were downregulated in response to trace conditioning. GH was upregulated; therefore, we also validated the downregulation of the GH inhibitor, somatostatin (SST), even though it just failed to meet criteria on the arrays. By during situ hybridization, GH was expressed throughout the cell layers of the hippocampus in response to trace conditioning. None of the genes regulated in trace eyeblink conditioning were similarly affected by delay conditioning, a task that does not require the hippocampus. These findings demonstrate that transcriptional profiling can exhibit a repertoire of genes sensitive to the formation of hippocampaldependent associative memories. Hippocampus 2002;12:821-833.
INTRODUCTION
The synthesis of proteins from transcriptionally regulated genes is required for the long-term storage of memory (Davis and Squire, 1984; Barzilai et al., 1989) . Gene expression may also be involved in the learning process itself, as suggested by the use of protein synthesis inhibitors in spatial navigation (Cavallaro et al., 1997; Guzowski and McGaugh, 1997) , avoidance (Cammarota et al., 2000) , contextual fear conditioning (Impey et al., 1998) , and brightness discrimination (Tischmeyer et al., 1990) . Despite the evidence for transcriptional activation during training on several different learning tasks, identifying those genes that are critical for learning has proved challenging. Nevertheless, genes have been identified that serve some aspects of memory formation. Using tractable systems such as Drosophila and Aplysia, genes involved in cAMP signaling (Dash et al., 1990; Bourtchouladze et al., 1998) , a receptor tyrosine kinase (Dura et al., 1993 (Dura et al., , 1995 , an integrin (Grotewiel et al., 1998) , and ubiquitin C-terminal hydrolase (Hegde et al., 1997) have been associated with learning. With the advent of germline gene ablation or overexpression in mice, the list of genes implicated in learning and memory has grown to include CREB, Ca 2ϩ /calmodulin-dependent protein kinase II (CaM kinase II) (Silva et al., 1992) , fyn (Grant et al., 1992) , protein kinase A (PKA) (Abel et al., 1997) , NMDAR2B (Tang and Sim, 1997) , ryanodine receptor type 3 (Futatsugi et al., 1999) , calcineurin Winder et al., 1998) , the transcription factor neuronal PAS domain protein 2 (Garcia et al., 2000) , protein tyrosine phosphatase ␥ (Uetani et al., 2000) , tissue plasminogen activator (TPA) (Madani et al., 1999) , and c-kit receptor tyrosine kinase (c-kit), the receptor for the steel ligand (Motro et al., 1996; Katafuchi et al., 2000) .
Although informative, these findings have shortcomings. Most importantly, manipulating one gene at a time fails to address the likelihood that multiple genes, each with a defined temporal profile of either activation or suppression, contribute to task acquisition. Furthermore, gene disruption experiments will not determine which genes are downregulated during learning. Moreover, information derived from mutant or ablated genes may be confounded by the disruption of developmental processes that indirectly impair performance. These difficulties are only partially mitigated by approaches that use conditional knockouts and regulated gene expression.
Transcriptional profiling (TP) is a procedure that uses arrays on which identified gene sequences are spotted to assay expression in samples of mRNA. Among its advantages, gene arrays are relatively unbiased in that many genes can be assayed simultaneously without a priori knowledge of their function. In the present study, we applied TP to the question of gene expression in learning. We selected classical eyeblink conditioning as especially well suited for analysis by TP because one can directly compare the effects of associative conditioning, in which two stimuli are paired in time, with those of pseudo-conditioning, in which the two stimuli are explicitly unpaired. Thus, both groups of animals are exposed to the same number and types of stimuli, but only one group has learned a positive association between the stimuli. We chose to evaluate two types of classical conditioning: delay and trace. During eyeblink conditioning, the animal learns that an auditory stimulus that serves as the conditioned stimulus (CS) predicts the occurrence of a periorbital shock to the eyelid. Eventually, the animal blinks in anticipation of the unconditioned stimulus (US) and elicits a conditioned response (CR). In trace conditioning, a time interval separates the CS and US, and acquisition of the task is dependent on an intact hippocampal formation (Solomon et al., 1986; Moyer et al., 1990; Clark and Zola, 1998; McEchron et al., 1998; Weiss et al., 1999; Beylin et al., 2001) . In delay conditioning, CS and US overlap and the task is not dependent on the hippocampus (Schmaltz and Theios, 1972; McCormick et al., 1982) .
In addition to suitable controls, eyeblink conditioning is useful for correlating gene expression with performance during specific stages of acquisition. We used transcriptional profiling first to determine changes in gene expression within the hippocampus after differing numbers of trials of trace eyeblink conditioning. We found gene expression changes to be most robust after 200 trials of training. Focusing on this initial interval of 200 trials, we increased the number of profiles performed and validated significant changes in gene expression by real-time polymerase chain reaction (PCR) to identify genes that were consistently affected by trace conditioning but that were not affected by delay conditioning.
MATERIALS AND METHODS

Subjects and Surgical Procedures
Adult male Sprague-Dawley rats weighing 290 -310 g were housed individually to prevent damage to the headstage. Rats were given unlimited access to laboratory chow and water and were maintained on a 14:10 light/dark cycle (lights on at 7:00 AM). On the day of surgery, rats were anesthetized with 50 mg/kg of Nembutal. Four electrodes (insulated silver wire; 0.05-inch diameter) were implanted through the ridge of the eyelid and deinsulated at the tips. Two electrodes were used to deliver the periorbital shock, a 0.7-mA shock to the eyelid, and two were used to detect eyeblinks via changes in electromyographic (EMG) activity in the orbicularis oculi. The electrodes were attached to gold amphenol pins; a strip connector headstage was then mounted to the head with acrylic. Rats were kept warm until recovery from anesthesia and were administered 0.3 ml of penicillin (250,000 U/ml) (Apothecon) intramuscularly. Rats were provided with acetaminophen (32 mg/ ml) diluted 1:100 in drinking water for 24 h after surgery.
Acclimation Procedures
Rats were left undisturbed in their home cage for 5-7 days of recovery and then taken directly into the conditioning environment, which consisted of eight conditioning boxes in sound-attenuating chambers. Within the chamber was a lighted Skinner box with dark metal walls and floor grids (unconnected to shock) in which the rat was trained. The headstage of each rat was connected to a coiled cable that allowed free movement within the conditioning chamber for a time period equal to 100 paired trials (see below), except that no stimuli were presented. Rats were then taken back to their home cage.
Twenty-four hours later, rats were taken directly to the environment in which they had been acclimated. Spontaneous blink rate was recorded during a period of time equal to that recorded during 30 paired trials without the presentation of stimuli. As before, the number of blinks during the time period in which a CR would have been recorded (see below) was counted. To assess whether an animal would respond with a blink response to the CS alone before presentation of paired or unpaired stimuli, rats were exposed to 10 presentations of a white noise stimulus (320 ms, 83 dB, Intertrial Interval (ITI): 20 Ϯ 10 s). An eyeblink during the first 100 ms of the white noise stimulus was considered a sensitized response to the CS. This procedure is used to detect nonassociative eyeblink responses to the white noise stimulus before training.
Classical Eyeblink Conditioning
Groups of rats were exposed to 200 trials per day for 1, 2, 3, or 4 days, for a total of 200, 400, 600, or 800 trials. The rats were trained with either a delay paradigm in which an 850-ms, 82-dB burst of white noise (CS) overlapped and co-terminated with a 100-ms, 0.7-mA periorbital shock (US), or a trace paradigm in which a 250-ms CS was separated from a 100-ms US by a 500-ms trace interval. For both paradigms, the interstimulus interval (ISI)
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was 750 ms and the intertrial interval was 20 Ϯ 10 s. Every 10 trials consisted of a sequence of one CS-alone trial, four paired trials, a US-alone trial, and four paired trials. During unpaired training, rats received the same number of CS and US exposures, but in an explicitly unpaired manner. Two subsets of rats were anesthetized with nembutal (50 mg/kg) and decapitated immediately after exposure to 200 trials of paired or unpaired stimuli. The brain was removed, and the hippocampus was dissected. Tissue was kept on dry ice and stored at Ϫ80°C. All other groups of rats were returned to their home cage; 24 h later, they were anesthetized and brains were prepared as described.
Eyeblink Detection and Analysis
EMG activity was filtered to pass 0.3-1.0 kHz and amplified (10 K) with a differential AC amplifier, and passed to a 16-bit A/D card (Keithley-Metrabyte). Eyelid EMG responses were scored as eyeblinks if they exceeded the maximum EMG value of the pre-CS baseline response, plus four times the standard deviation. Eyeblinks were considered CRs when they occurred 500 ms before US onset on paired trials and for an additional 250 ms on CS alone trials. For unpaired trials, eyeblinks during the 500 ms before the US were considered responses. By examining responses after the offset of the CS (Ͼ250 ms after CS onset), we avoid counting ␣ responses as CRs as well as short latency CRs, which are considered nonadaptive during trace conditioning in the rabbit (Solomon et al., 1986) .
RNA Isolation and Probe Preparation
Hippocampal tissue was collected either immediately after 200 (T200i) and 800 (T800i) trials or 24 h after 200 (T200), 400 (T400), 600 (T600), and 800 (T800) trials (Fig. 1) . Total RNA was isolated from frozen hippocampal tissue with TRI reagent (Sigma, catalogue no. T9424) and radiolabeled cDNA probes were prepared according to the manufacturer specifications. Briefly, cDNA probes were synthesized from 2 g of total RNA from each sample in the presence of 35 Ci of 33 P dATP (NEN), using a primer mix supplied by Clontech. The primer mix consists of primers specific to the genes spotted on the array. Probes were then hybridized to matched Clontech, Atlas Rat 1.2 filter sets using ExpressHyb (Clontech). Matched filter sets are composed of four filter arrays from the same lot that were spotted at the same time. The filters were then washed and exposed to PhosphorImager screens for 3-5 days.
cDNA Array Quantitation
The AtlasImage version 1.01 software package from Clontech was used to quantitate the expression level of 1,186 well-characterized genes on the cDNA filter arrays. Raw intensity data for each spot on the array were measured as the average intensity of the pixels within the spot. Background values were subtracted from each signal and filters were normalized to one another based on the sum of total signal detected on individual filters within a matched set. The background was determined from a measure of the median intensity values from the blank regions of the filter between the grids of arrayed genes. Plasmid and bacteriophage DNAs served as negative controls to confirm hybridization specificity. Pilot data sets were collected from a minimum of two animals after the numbers of trials described above. Data from each of five animals exposed to 200 trials of trace, delay, or four animals exposed to unpaired conditioning were collected for expanded analysis of the T200 interval. In all cases, experimental animals (trace and delay) were compared with their respective unpaired controls within a matched filter set. Relative expression levels were normalized to total signal on each array and averaged normalized intensity values (Ϯ SEM) for each gene were computed for the trace and unpaired conditioned animals at each time interval. If the expression level of a gene was below an experimentally determined threshold (see below), the value was set to zero. The ratio (foldchange) between the two conditions was then computed using the averaged intensity obtained from animals exposed to trace conditioning versus unpaired stimuli. For the comparison of five paired and four unpaired animals analyzed after 200 trials, a one-tailed Student's t-test was run to determine a P-value between the trace and pseudo conditioned animals. This analysis was chosen because a test for normal distribution showed that in most cases the data did not fit a normal curve. This is likely the result of setting all intensity values to zero when the values fell below the intensity threshold of 1,400. The error in gene expression data was not attributable to any specific animal or individual array, the variability we observed in the data is likely the result of variability in the performance of individual animals.
Real-Time PCR Quantification
Equal quantities of total RNA from the same samples used for the cDNA array analysis were pooled for each category of training (trace, unpaired, and delay conditioning). First-strand cDNA was synthesized from 50 ng of pooled total RNA in a reaction containing 1.3 l of random hexamer (Promega, Madison, WI), 0.2 mM of each dNTP, 50 mM Tris, pH 8.3, 40 mM KCl, 6 mM MgCl 2 , 10 U of RNase inhibitor (Promega), and 10 U of avian myeloblastosis virus-RT (Promega) in a final volume of 20 l. Total RNA and random hexamers were heated to 80°C for 5 min and snapcooled on ice. Reaction components were added and allowed to proceed at 37°C for 1 h, followed by heat inactivation for 5 min at 75°C.
Real-time PCR was performed in the PE Biosystems Gene Amp 7700 sequence detection system (PE Applied Biosystems, Foster City, CA), using 1 l of cDNA and the SYBR green PCR Core Reagents, as recommended by the manufacturer. Individual primer pairs were tested at concentrations of 50, 250, and 500 nM to optimize reactions and to ensure that no primer dimer formation occurred within the number of cycles required for quantification of cDNA levels. In addition, two different concentrations of input total RNA for the cDNA synthesis were used to ensure that the reactions were linear. Primers directed toward a strongly expressed mRNA (growth hormone [GH] ) and a weakly expressed mRNA (c-Kit) returned the same ratio of trace conditioned to unpaired stimuli for both concentrations of starting mRNA (data not shown).
Data from the real-time PCR reactions were analyzed using the PE Biosystems GeneAmp 7700 sequence detection software. The data were plotted as ⌬Rn (fluorescence signal above the baseline and normalized for the internal reference dye ROX) versus cycle number. An arbitrary threshold was set at the midpoint of the log ⌬RN versus cycle number plot, such that it was in the linear range for all samples analyzed. The Ct value is defined as the cycle number at which the fluorescence generated within reactions crosses the threshold. PCR reactions for each cDNA were performed simultaneously and normalized to 18S ribosomal RNA. In order to calculate fold change in gene expression a ⌬Ct value relative to 18S ribosomal RNA was first calculated for each cDNA and primer pair:
A ratio was then calculated as follows:
Reactions were repeated three times on two independently generated cDNA samples.
In Situ Hybridization
Digoxin-labeled RNA probes were transcribed from PCR-amplified templates. cDNAs for use in the PCR reaction were reverse transcribed from rat hippocampal total RNA using SuperScript II RNase H Ϫ reverse transcriptase (Gibco-BRL) according to manufacturer specifications. A 711-bp fragment of the presomatotropin cDNA was amplified using a sense primer containing the T7 promoter (GCAACTGCAGATCTAGCACCCTCGAAGC-CCAGATTCC) and an antisense primer containing the SP6 promoter (CTAAGCATAGATCTAGAAAGCACAGCTTT CCG). In situ hybridization was done according to Schaeren-Wiemers and Gerfin-Moser (1993) except the hybridization buffer was used according to Ichikawa et al. (1997) ; 7-m sections were prepared from frozen right hemispheres on a cryostat, placed directly on a slide, and kept at Ϫ80°C until use. Two repetitions of the in situ hybridization on two different trace conditioned and unpaired animals were performed.
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RESULTS
There was no difference between groups in spontaneous blink rate (P Ͼ 0.05) or sensitization (P Ͼ 0.05) before training. On average, rats blinked less than once every 5 s and responded to less than one out of 10 white noise stimuli before training. Groups of rats that were exposed to 200 trials (n ϭ 8), 400 trials (n ϭ 3), 600 trials (n ϭ 3), or 800 trials (n ϭ 5) of trace conditioning emitted more CRs than their respective control groups of unpaired stimuli that had been exposed to 200 trials (n ϭ 8), 400 trials (n ϭ 3), 600 trials (n ϭ 3), or 800 trials (n ϭ 5) of explicitly unpaired stimuli [F(1,36) ϭ 79.15; P Ͻ 0.000001]. Analyzed separately, the groups of rats that were exposed to 200 paired trials emitted more CRs than those exposed to 200 trials of unpaired stimuli [(F(2,18) ϭ 151; P Ͻ 0.000001]. The group exposed to 200 trials of delay conditioning (n ϭ 5) emitted more CRs than did those exposed to unpaired stimuli (P Ͻ 0.0005), and the number of responses increased across trials for those exposed to paired, but not to unpaired, stimuli (P Ͻ 0.0002). Groups of rats that were trained for 200 or 800 trials of paired [T200i (n ϭ 3), T200 (n ϭ 5), T800i (n ϭ 3), T800 (n ϭ 2)] or unpaired [T200i (n ϭ 3), T200 (n ϭ 4), T800i (n ϭ 2), T800 (n ϭ 3)] training were sacrificed at the same time either immediately or 24 h later. There was no difference in the number of CRs between those sacrificed immediately and those sacrificed 24 h later [200 paired (P Ͼ 0.05) and unpaired trials (P Ͼ 0.05); 800 paired (P Ͼ 0.05) and unpaired trials (P Ͼ 0.05)].
We first attempted to identify the approximate number of trials and the interval after trace conditioning when regulated gene expression was most robust. After differing numbers of trials and intervals of time after training, left hippocampi from at least two animals were individually prepared for TP by using the set of cDNA probes to reverse transcribe the extracted total RNA. To establish the threshold level of change that was significantly above background noise in the arrays, we evaluated the reproducibility of the expression profiles from identical samples. Therefore, we reverse transcribed total RNA collected and pooled from the hippocampi of three home caged controls and applied this sample to two different matched filter arrays. A scatter plot of these two data sets showed that gene expression in the two samples was highly correlated at higher levels of expression and was less reproducible at lower levels of expression ( Fig. 2A) . With an intensity threshold of Ͼ1,250, the average ratio between identical genes with expression values above the threshold was 1.2 Ϯ 0.04 (n ϭ 427, number of genes whose expression was above the set threshold). Thus changes greater than 1.2 Ϯ 0.04 fold are likely to be valid. When the intensity threshold was set to 10,000, the average ratio between identical genes only improved to 1.1 Ϯ 0.03 (n ϭ 50). The average ratio (ϮSEM) of all genes above a set threshold were plotted versus threshold intensity (Fig. 2B) . As a conservative estimate, the threshold was established at 1400.
Genes were clustered using a Partitioning Around Medoids (PAM) algorithm (Kaufman and Rousseeuw, 1990) according to their patterns of activation and repression over the 800 trials of training on the trace eyeblink conditioning task (data not shown). Evaluating only those genes that belonged to clusters with a resulting change greater than twofold, the percentage of genes over all trial intervals that were either activated or suppressed by trace conditioning was 7.6% of the total number of genes on the array. These genes represented 25 clusters and contained 90 different genes. For each number of trials to which the animals were exposed the percentage of genes that achieved a threshold level of change ranged from 3.8% to 0.93%. The percentage of regulated genes reported is consistent with other studies that found 0.1-2% of the monitored genes changed by a factor of Ն1.8 in response to a specific manipulation (Lockhart and Winzeler, 2000) . The animals exposed to 200 trials of trace conditioning and sacrificed 24 h after the end of training (T200) exhibited the highest percentage of gene expression changes with 14 clusters and 45 genes (Fig. 3) . As illustrated in Figure 1 , these animals were still acquiring the CR and thus changes in gene expression were occurring relatively early in the learning process.
Based on this evidence for robust transcriptional activity after 200 trials of training, additional groups of rats that were exposed to 200 trials of trace paired (n ϭ 5) or unpaired stimuli (n ϭ 4) and sacrificed them 24 h later. Their RNA was then prepared for TP as described. As reported, this number of animals provides a statistically powerful sample for transcriptional profiling (Lee et al., 2000) . Total RNA was extracted from each of these samples. RNA from each animal was run on a separate array, five arrays for trace conditioning and four arrays for unpaired stimuli, from the same lot of arrays to minimize differences due to variation among the arrays. Mean intensity (ϮSEM) values for every gene were calculated, and ratios between the expression in response to trace versus pseudo-(unpaired stimuli presentations) conditioning were determined, as well as their representative P-values.
Comparison of the transcriptional profiles between trace and unpaired conditioning suggested the possibility of regulated expression in those genes which met the criteria for one of two categories (Table 1) . Category 1 genes were induced or repressed at least twofold in trace conditioned animals relative to the unpaired animals with a P-value of Յ0.16. Furthermore, the gene had to be expressed above the threshold in at least four out of five trace animals or above the threshold in at least three out of four unpaired animals. Category 2 genes were reproducibly expressed closer to the same level in both conditions, but the smaller difference in expression was highly consistent (P Ͻ 0.05). Eleven genes met the first criterion, and 13 genes met the second for a total of 24 genes selected by analysis of the arrays (Table 1) . By definition, category 1 genes showed greater variation (had higher P-values) in their actual expression levels but had changes that were greater in magnitude than category 2 genes, which by definition had highly significant P-values. In addition, GH was included on this list because it had the largest change observed in several trace conditioned animals and was frequently one of the most highly expressed genes on the trace conditioned arrays. Only 6.6% of the genes originally identified from the initial low-resolution pilot screen at the T200 interval of trace conditioning remained significant when greater Percentage of genes regulated at each interval during the acquisition of a memory trace. Bars represent the percentage of the 1,186 genes on the array that changed in trace conditioning relative to the unpaired stimuli for that interval. Lowercase i denotes that animal was sacrificed immediately after training; its absence means that 24 h intervened.
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numbers of animals were analyzed. These genes were GH, serum/ glucocorticoid-regulated kinase (SGK), and UNC5H1. In the next set of studies, we determined whether the genes that were expressed during trace conditioning were unique to hippocampal-dependent learning; that is, would the same genes show changes in expression during acquisition of the hippocampal-independent task: delay conditioning? Five animals were trained with delay conditioning (Fig. 1) , and total RNA was extracted from hippocampal tissue from each animal. cDNA probes synthesized from these samples were hybridized to arrays in parallel with the samples isolated from the hippocampus of the four animals exposed to unpaired stimuli: five arrays for delay and five arrays for unpaired. The 25 genes that underwent gene expression changes in trace conditioning (Table 1) were analyzed by the same criteria from the delay-conditioned animals. None of these genes fulfilled the criteria for inclusion into category 1 or category 2 in response to 200 trials of delay conditioning. This difference in the profiles of category 1 genes for the two tasks is best illustrated using the TreeView (Eisen et al., 1998) (Fig. 4) .
Transcriptional profiling simultaneously assays a vast number of genes and is susceptible to producing false-positive results because of the statistical issue of multiple testing. Approximately 300 genes fell above the threshold and, given the P-values for the genes listed in Table 1 , we would expect some of the genes presented to represent false-positive values. To address this problem, we randomly selected 12 of the 25 genes that exhibited a change in expression in response to trace conditioning by TP and reanalyzed these genes using real-time PCR with SYBR green from PE Biosystems. Be- See results for GH inclusion criteria.
cause the GH mRNA was dramatically increased in RNA obtained from rats exposed to trace conditioning, we also performed realtime PCR on somatostatin (SST), the direct antagonist of GH, even though the decrease in SST mRNA expression just failed to meet the statistical criteria for inclusion among the 25 genes. Realtime PCR was performed on cDNA synthesized from the same total RNA used as templates for the cDNA probes hybridized to the arrays. Of 13 genes (12 randomly selected and the SST mRNA), seven changed in the same direction and to a similar magnitude as they had on the arrays. These validated genes were GH, c-kit receptor tyrosine kinase (c-Kit), glutamate receptor metabotropic 5 (mGluR5), nerve growth factor-␤ (NGF-␤), Jun oncogene (c-Jun), and transmembrane receptors Unc5H1 (UNC5H1) and Unc5H2 (UNC5H2) (Fig. 5B ). In addition, SST mRNA was repressed as expected under conditions where GH mRNA is induced, further confirming the validity of the GH result. As a standard for the real-time PCR, the 18S ribosomal RNA was expressed at constant levels across all the conditions (Fig. 5A) . Thus, more than one-half of the genes detected by transcriptional profiling were confirmed by real-time PCR. Notably, expression of the identified genes (except for GH) decreased in response to trace conditioning. Because the changes were expressed as a ratio, it was possible that exposure to paired stimuli in a trace paradigm did not downregulate, but rather exposure to unpaired stimuli upregulated gene expression. To test this possibility, we performed real-time PCR on hippocampal mRNA obtained from naive cage controls and compared their response to RNA from rats exposed with unpaired stimuli. For every suppressed gene, expression in tissue obtained from the cage controls was either higher or equal to expression in tissue obtained from animals exposed to unpaired stimuli (data not shown). This result indicates that an authentic suppression occurred relative to the basal expression levels of these genes. Moreover, because animals exposed to unpaired stimuli "learn" that the conditioned and unconditioned stimuli do not occur together in time, these results suggest that acquisition of this type of conditioning does not involve the regulation of these particular genes. In addition, real-time PCR confirmed that delay conditioning did not result in the regulation of those genes expressed in trace conditioning (Fig. 5B) . Thus, the genes identified during exposure to trace conditioning appear to be specific to hippocampal-dependent learning.
The gene for GH was dramatically induced during trace conditioning, and was not expressed during delay conditioning. The increase was evident by both TP and PCR methods (Fig. 5B) . Since GH mRNA has not previously been characterized in the hippocampus, we further analyzed its expression pattern in the Specificity of category 1 gene expression changes in trace conditioning compared with delay conditioning. Log 2 gene expression values for trace conditioned rats, which acquired the conditioned response (CR) (trace), and for delay conditioned rats (delay) were each computed relative to rats exposed to unpaired stimuli and displayed using TreeView (Eisen et al., 1998). The color scale ranged from saturated green for log ratios of <2.0 to saturated red for log ratios of >2.0. Black indicates a value of 0 and no change between either trace or delay relative to unpaired.
FIGURE 5.
Real-time polymerase chain reaction (PCR). A: Primers specific for 18S rRNA were used to normalize levels of total RNA added to the reactions. Relative to RNA isolated from caged controls, unpaired (white), trace (black), and delay (gray) data were corrected by a factor of 1.00, 1.13, and 1.03, respectively. B: Graphs represent fold change of real-time PCR products for delay (gray filled), trace (filled) relative to unpaired. Hatched boxes refer to fold change as calculated from the array data. Trace over unpaired ratios that were <1.0 are represented by the equation: ؊1/(trace/unpaired). Realtime PCR results shown are the averaged fold change calculated from three independent experiments, the error bar represents the standard error of the mean (SEM).
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DONAHUE ET AL. hippocampus using in situ hybridization. After 200 trials of trace conditioning, the signal for growth hormone in the hippocampus appeared (Fig. 6A,B ) localized to the neuronal cytoplasm and evident throughout the CA fields and dentate gyrus of the hippocampus.
DISCUSSION
We used transcriptional profiling to identify genes associated with hippocampal-dependent memory formation. Animals were exposed to varying numbers of trials of trace conditioning, a task that is dependent on the hippocampus for acquisition (Solomon et al., 1986; McEchron et al., 1998; Weiss et al., 1999; Beylin et al., 2001) . Their responses were compared with delay conditioned animals, involving a similar associative task that is not dependent on the hippocampus (Schmaltz and Theios, 1972) , and with pseudo-conditioned animals that received the same number of stimuli in an unpaired manner. Confounding factors, such as stress, novelty, and motor activity, were likely to be similar between groups. Thus, animals were exposed to similar stimuli and emit similar responses, yet only a subgroup acquires a hippocampal-dependent memory. Within the detection limits of TP and among the genes represented on the filter array, the most robust changes in gene expression occurred early in the training period before the conditioned response was acquired and 24 h after the last exposure to a training trial. Having identified the approximate number of trials and time after training when transcription was highly regulated, we evaluated the expression of 1,186 genes in response to trace conditioning. There were statistically significant changes in the expression of 25 genes on the array (Table 1) . Of these 25 genes, 12 were randomly chosen for validation by real-time PCR. In addition, we chose to look at SST, the antagonist for GH, to validate further the changes in GH expression. Of these 13 genes, eight demonstrated changes in the same direction and of the same magnitude as they had by TP (Figs. 5B and 7) . Importantly, none of these validated genes were similarly altered by exposure to the same number of trials of the hippocampal-independent task (i.e., delay conditioning).
Setting inclusion criteria for array data is difficult because if set too stringently regulated genes will be excluded, but if set too loosely many unregulated genes will be included. Imperfections in the array technique and individual variation in behavioral performance will inevitably lead to some failures of gene inclusion or exclusion and, therefore, validation is essential. Our category 1 genes had the larger magnitude changes, but their large P-values suggested that 5-15% of the time, these changes would occur by chance. Variability in performance probably accounts for the chance component in these P-values. Animals were collected after only 200 trials when at most they have reached 30 -40% criterion. Although the involvement of the hippocampus is most pertinent during acquisition, it is also the most difficult interval to judge performance. All animals for this study were chosen because they demonstrated an increase in conditioned responses from 100 -200 trials and were therefore considered to be acquiring the task. However, it is possible that not all these animals would go on to learn and reach full criterion. During this dynamic time when individual potential varies, gene expression may be variable. The criteria we selected for validation were conservative and substantiated by the significant validation rate. Reducing the P-value for inclusion of category 1 genes would have eliminated a number of genes that were later validated, suggesting that a 5-15% noise level is inherent in the experimental paradigm. Using the criteria outlined here, of seven genes selected from category 1 for validation, four were validated; of four genes selected from category 2 for validation, two were validated. Thus, both approaches led to a reasonable percentage of validation given the degree of error in the array technology.
As discussed, gene expression changed as the animal acquired the conditioned response. In other words, the gene expression patterns changed as a function of the number of trials delivered to the animal. Interestingly, most of the genes evaluated in this limited data set were downregulated; however, this pattern appeared to reverse with continued training. Our preliminary data suggested that additional genes were upregulated in rats exposed to 800 trials (data not shown), but these data require additional validation. Genes that were downregulated during the early acquisition of trace memories included mGLUR5 , SST, UNC5H1, and UNC5H2 (Fig. 5B) . A number of these genes have been associated with learning, while others have not. For example, c-Kit mRNA levels were reduced in trace conditioned animals after Hippocampal expression of growth hormone is enhanced during trace learning. In situ hybridization on a coronal section of a rat exposed to 200 trials of trace conditioning (A) or to the same number of unpaired stimuli (B). Digoxigenin-labeled RNA probes were used for growth hormone.
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200 trials, and it has been reported that mutations in both the c-kit receptor tyrosine kinase encoded by the white-spotting (W) gene and the Kit ligand, Steel factor, impair learning (Motro et al., 1996; Katafuchi et al., 2000) . An analysis of the homozygous c-kit mutants deficient in spatial learning suggests c-kit signaling may be involved in synaptic potentiation (Katafuchi et al., 2000) . The c-kit and steel genes are both highly expressed in the adult murine hippocampus: Steel is expressed in the dentate gyrus neurons whose mossy fiber axons synapse on CA3 pyramidal neurons, which express c-kit (Motro et al., 1996) . Steel, also known as stem cell factor, can modulate neuron-neuron and neuron-microglia interactions Fedoroff, 1997, 1998) . In addition, c-Kit mRNA is downregulated when glial precursor cells differentiate into postmitotic oligodendrocytes (Ida et al., 1993) . It is perhaps relevant that exposure to trace conditioning, but not delay conditioning, enhances the survival of adult-generated neurons in the dendate gyrus Shors et al., 2001) . The newly generated neurons become involved in trace conditioning at about one week of age, the time when they are also developing axons to CA3 (Hastings and Gould, 1999; Shors et al., 2001) . Two of the genes, UNC5H1 and UNC5H2, that were repressed in response to trace conditioning are involved in axon guidance and belong to the Unc5 family of netrin-1 receptors. Netrins are chemoattractants, and Netrin-1 has been shown to attract neurites from the dentate gyrus to form ipsilateral connections via the netrin receptor, DCC (Livesey, 1999) . Unc5H1 and Unc5H2 are considered repellant receptors converting DCC attractant receptors to repulsive receptors through an interaction between cytoplasmic domains (Stein and Tessier-Lavigne, 2001 ). In addition, as with the other genes discussed thus far, expression of mGluR5 mRNA was reduced in response to trace conditioning. It has been reported that antagonists to mGluR5 are neuroprotective (Bruno et al., 2000; Sommer et al., 2000; Movsesyan et al., 2001) , suggesting that the reduction in mGluR5 levels may likewise be protective.
In contrast to the other validated genes, the mRNA encoding GH was dramatically upregulated during trace conditioning. This change occurred in mRNA obtained from animals exposed to 200 trials of trace conditioning relative to mRNA from animals exposed to unpaired stimuli and demonstrated by hybridization to an array, real-time PCR, and in situ hybridization (Figs. 5B) . Furthermore, somatostatin mRNA, which encodes a direct antagonist of GH, was reduced in response to trace conditioning (Fig. 5B) . GH was not expressed at a detectable level in animals exposed to the delay paradigm. Although GH receptors exist in the hippocampus (Zhai et al., 1994) , very little is known about the GH expression of itself outside the pituitary. It has been assumed that a source of GH lies outside the brain, or that the GH receptor in the brain has a ligand other than GH itself such as the GH-like substance which is sensitive to brain injury (reviewed in Scheepens et al., 2000) . The GH mRNA is regulated by stress, at least in the hippocampus but again, the source of the endogenous ligand is unknown (Fujikawa et al., 2000) . Finally, GH has been implicated in some memory processes (Schneider-Rivas et al., 1995; Thornton et al., 2000) , as our results confirm. That GH would be preferentially regulated by associative learning was unexpected and thus exemplifies how TP can identify potentially important genes that might otherwise go uninvestigated.
Many genes that have been implicated in the acquisition of hippocampal-dependent memories were not revealed by TP in these experiments. Several factors may prevent their detection. First, many genes relevant to learning are not present on the Atlas Rat 1.2 array from Clontech, which is a broad coverage cDNA array with a relatively small representation of genes. Our data only reflect the expression of those 1,186 genes. Second, our threshold for detection omits genes whose expression does not meet criteria, and yet gene expression below the level of detection by TP may still be critical for learning. Third, classical conditioning does not necessarily activate all cells within the hippocampus to the same degree. Given the variety of neuronal populations and anatomical regions in the hippocampus, extraction of RNA from the total hippocampus may dilute gene expression changes that occur in subsets of cells. Fourth, individual differences in performance could lend variability to the sample. This potential source of variability would be especially true for those animals exposed to only 200 trials and thus at differing levels of acquisition at the time of sacrifice. In this study, we considered that an animal was "learning" if the number of CRs increased from 100 trials to 200 trials, yet most animals had not reached asymptotic performance at that stage. Finally, it may not be possible to compare genes identified with knockout or overexpression with those revealed under endogenous conditions. Layers of validation used to verify gene expression changes that correlate with the acquisition of trace eyeblink conditioning.
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As discussed, trace conditioning is dependent on the hippocampal formation for acquisition, whereas delay conditioning is not. However, the hippocampus is engaged by both types of training procedures (Berger et al., 1976; Weisz et al., 1984; Tocco et al., 1991; Moyer et al., 2000) . Thus, it is curious that so few of the genes expressed in response to trace conditioning were also expressed in response to delay conditioning. It is noted that our procedures biased the data in this direction, as only those genes that were validated as being sensitive to trace conditioning were then tested for sensitivity to delay conditioning. However, this does not exclude the possibility that other genes are differentially activated in the hippocampus during delay conditioning. Nonetheless, these results demonstrate that the difference between these two paradigms at the anatomical level is supported by similar differences at the genetic level.
During trace conditioning, the animal learns to associate two stimuli that are discontiguous in time and to distinguish between the interstimulus interval, which is stable, and the intertrial interval, which varies. It is often assumed that the hippocampus is necessary for acquiring the trace conditioned response because it maintains a stimulus representation of the CS after it has ceased, so that it can be associated with the US later (Solomon et al., 1986) . If this assumption is valid, these genes, which are uniquely expressed during trace conditioning, are potential candidates for involvement in the process of stimulus maintenance or their retrieval. They may also be candidates for explaining the observation that the trace conditioned response is often more difficult to acquire than the delay conditioned response. Indeed, recent data indicate that the hippocampus is involved in delay conditioning, provided the task is rendered sufficiently difficult to acquire . In this study, we present data suggesting that at least eight genes are uniquely regulated during trace, but not during the hippocampalindependent version of delay conditioning. Further examination of the role of the genes found in the present study may lead to novel insights regarding the role of the hippocampus in the acquisition of trace memories.
